Abstract
Leptin, a product of the obese gene (1) , signals nutritional status to key regulatory centers in the hypothalamus, thereby acting as an important signal regulating energy homeostasis (2) . On binding to hypothalamic receptors, leptin induces tyrosine phosphorylation of Janus tyrosine kinase (JAK2) and signal transducer and activator of transcription 3, paralleled by a comparable increase in phosphoinositol 3-kinase activity associated with insulin receptor substrate 2 (IRS-2) 1 (3) . The Src-homology-2 (SH2) domain-containing putative adapter SH2-B is a ubiquitously expressed cytoplasmic protein which binds through its SH2 domain (4) simultaneously to both JAK2 and IRS-2, promoting leptin-stimulated activation of the phosphoinositol 3-kinase pathway in cultured cells (5) . Recently, it has been shown that SH2-B-deficient mice develop insulin resistance and type 2 diabetes (6), as well as severe leptin resistance, hyperphagia, and obesity (7) . Thus, SH2-B is a key cytoplasmic signaling molecule that acts as a positive regulator of leptin and insulin signal transduction in mice.
The aim of this study was to determine whether singlenucleotide polymorphisms (SNPs) in the human SH2B gene are associated with measures of body fat and insulin sensitivity in 2455 women from the St. Thomas' United Kingdom Adult Twin Registry (Twins United Kingdom). Characteristics of the subjects are shown in Table 1 . Pair-wise linkage disequilibrium (LD) among five relatively common SNPs [minor allele frequency (MAF) Ͼ 0.05] located in a 16 kb region including the SH2B gene, rs4788102, rs8055982, rs7498665, rs7359397, and rs3888190, were quantified by DЈ/r 2 . The five variants were in perfect LD (all pair-wise r 2 ϭ 1.00), i.e., defining just two common haplotypes ( Figure 1 ). Hence, one tagging SNP was required to represent all HapMap variants with MAF Ͼ 0.05. The only coding SNP, rs7498665 (Ala484Thr), was selected and genotyped in the complete cohort. The MAF of this tagging SNP (tSNP) was 0.38, and genotypes did not deviate significantly from Hardy-Weinberg equilibrium (p ϭ 0.92).
Carriers of the minor allele of SNP rs7498665 had a significantly higher general obesity factor score (p ϭ 0.02). Follow-up analyses of individual obesity phenotypes revealed further significant associations with serum leptin (p ϭ 0.04), total fat mass (p ϭ 0.04), waist circumference (p ϭ 0.02), and weight (p ϭ 0.02) ( Table 2 ). This tSNP explained between 0.21% and 0.34% of the variance for these traits. The higher level of serum leptin in allele 2 carriers infers an impaired sensitivity to leptin action (leptin resistance), which typically accompanies overweight. This is represented here by the parallel associations with fat mass, waist circumference, and body weight. There were no significant associations with insulin resistance [homeostasis model assessment (HOMA)] or sensitivity to insulin measurement (SiM) measures. We tested the association between SNP rs7498665 and obesity variables in the subgroups with HOMA (n ϭ 889) and SiM (n ϭ 647) data and found outcomes similar to the full cohort. Significant associations were found with BMI, weight, total fat percentage, and central fat percentage (P ϭ 0.01 to 0.04) (data not shown).
The main strengths of our study lie in the large sample and the availability of detailed measurements of body fat by DXA in all subjects. This is the first attempt to examine a possible role for SH2-B in predisposition to human obesity and insulin sensitivity and the first reported association of an SH2B variant with serum leptin, total fat mass, waist circumference, and weight. The current study had 80% (␣ϭ 0.05) power to detect a biallelic quantitative trait locus, explaining as little as 0.51% of the variance in HOMA index (n ϭ 889) and 0.90% of the variance in SiM (n ϭ 647). However, sample sizes for these variables were not sufficient to detect an association accounting for a similar proportion of variance accounted for by the associations with leptin and fat in the full cohort.
It should be noted that we have established these associations only in a sample of female twins. We have previously found few differences between twins and singletons in the population generally, the only indication being that monozygous (MZ) twins had a slightly lower weight and a smaller variance for weight than dizygous (DZ) twins and singletons (8) . However, because measurements of leptin and fat were not made in that study, we are unable to generalize our present findings on general obesity, fat, and leptin to age-matched females in the wider population. † Nonfasting subjects (n ϭ 166), patients with either type 1 or 2 diabetes, fasting glucose Ͼ 7.8 mM or 2-hour glucose Ͼ 11.1 mM (n ϭ 11), and patients on any antidiabetic drugs (n ϭ 1) were all excluded. SH2B Gene Association with Obesity, Jamshidi et al. The comprehensiveness of coverage of the SH2B gene by our selected tSNP was limited by the availability of SNPs on the HapMap database at the time of the study. Analysis of the genotypes of five SNPs with MAF Ͼ 0.05 in a 16-kb region including the 10.2-kb SH2B gene, based on HapMap data from 30 white parent-offspring trios, showed all five to be in complete LD. The region containing the SH2B gene, therefore, appears to have undergone little or no recombination. Accordingly, we were able to choose only one tSNP to tag all of the common SH2B variants available in HapMap. We are confident that other SNPs at this frequency within this region are unlikely to remain unmarked by our chosen tSNP. Although whites are a heterogeneous population group in which haplotype composition, LD structure, and LD decay with physical distance may vary within subgroups, recent studies indicate that the HapMap data in whites is representative of other white groups in terms of allele frequencies and LD structure, especially for the common SNPs (9) . HapMap genotype data further indicates that the five common SHP2 SNPs are also in perfect LD in Chinese (MAF ϭ 0.16) and Japanese (MAF ϭ 0.13) and in almost perfect LD in Africans (MAF ϭ 0.16). In Africans, Ala484Thr (rs7498665) has a slightly higher MAF (0.17) and a pair-wise r 2 of 0.94 with the other SNPs. Interestingly, one SNP, rs7359397, is not polymorphic in the African HapMap population.
Leptin regulates energy balance and body weight through activation of its receptor and several downstream signaling pathways. SH2-B has been identified as a key regulator of leptin sensitivity, energy balance, and body weight in mice on the basis of studies of null homozygotes (7). The mice were severely hyperphagic and obese and developed a metabolic syndrome characterized by hyperleptinemia, hyperinsulinemia, hyperlipidemia, hepatic steatosis, and hyperglycemia. Leptin-stimulated activation of hypothalamic JAK2 and phosphorylation of hypothalamic signal transducer and activator of transcription 3 and IRS-2 were significantly impaired. This suggests that SH2-B is an endogenous enhancer of leptin and insulin sensitivity and is required for maintaining normal energy metabolism and body weight in mice. SH2-B is, therefore, a plausible candidate for involvement in human obesity, insulin resistance, and glucose intolerance. The Ala484Thr polymorphism is a non-synonymous coding SNP and, therefore, may be a functional variant. We investigated this possibility using two databases (SNPeffect and PolyPhen) (10, 11) , which predict the effects of non-synonymous coding SNPs on protein structure and function. Ala484Thr appears to be neutral, suggesting that it is in LD with an as-yet unidentified functional variant in the SH2B gene. Our results support a role for SH2B in modulating the regulation of body weight and fat by leptin in our female twin population, but we are as yet unable to draw any conclusions regarding an influence on insulin sensitivity.
The results of our study invite replication in a larger cohort to confirm these modest associations with obesity and detect any smaller effects on insulin sensitivity. In tagging only common SNPs, we excluded the possibility of discovering any substantial effect associated with rarer SNPs (MAFs Ͻ 0.05). Also, potential LD markers of intergenic regulatory regions such as enhancers, which could lie 10 to 20 kb upstream of the gene, were not considered in a tagged region encompassing 16 kb. Future investigations could, therefore, extend the tagged region and include SNPs of lower frequency. If SH2-B signaling is eventually shown to be attenuated in diet-induced obesity, it could become a target for drug-induced leptin sensitization.
Research Methods and Procedures

Study Design
Twins United Kingdom comprises unselected, mostly female volunteers ascertained from the general population through national media campaigns in the United Kingdom (12) . The study cohort comprised 2455 subjects (754 MZ, 1701 DZ) with available leptin data. The number of individuals in the study with data on other phenotypic variables is shown in Table 1 . Information on all twins was used in association analyses (see statistical analysis below).
Means and ranges of disease and lifestyle characteristics in Twins United Kingdom were similar to an age-matched sample of singleton women from the general population (8) . Informed consent was obtained from participants before they entered the study and approved by the local research ethics committee.
Zygosity, Body Composition, and Biochemical Analyses
Zygosity confirmation and measurement of body composition by DXA, serum leptin, insulin, and glucose were performed as described previously (13) . A subsample of ϳ750 subjects, representing unselected female twins from the general population, underwent an oral glucose tolerance test for which glucose and insulin levels were measured before and 2 hours after a 75-gram oral glucose load (13) .
Selection of tSNPs
The SH2 (http://www.broad.mit.edu/mpg/haploview/). The integral Tagger program (http://www.broad.mit.edu/mpg/tagger) was then used to collectively capture all SNPs at minimum r 2 of 0.8, using the aggressive multimarker tagging mode.
Genotyping in Cohort
SNP rs7498665 was genotyped in the complete cohort by Pyrosequencing (Biotage, Uppsala, Sweden). Genotyping accuracy as assessed by inclusion of duplicates (pairs of MZ twins) in the arrays was 98%, and negative controls (water blanks) were included on each plate. Primers and polymerase chain reaction conditions for genotyping by Pyrosequencing can be obtained on request.
Statistical Analysis
For related individuals, conventional statistical analyses lead to inflated significance. Dependency of the observations within pairs was accounted for by use of the generalized estimating equations procedure (14) in which both MZ and DZ twins can be used in tests of association. The approach accounts for dependency of the observations within pairs and yields unbiased SEs and p values. Association analyses in the full cohort included both twin subjects from each pair. To limit the number of models tested, we first performed a 2 df overall test of genotypic association. Only in the presence of a significant association were additive, dominant, and recessive models (all 1 df) further tested to find the best mode of inheritance. Factor analysis was used to combine strongly correlated indices of obesity into two measures: one for general obesity (serum leptin, BMI, weight, total fat mass, and percentage total fat) and one for central obesity (waist, central fat mass, and percentage central fat). We used two indices of insulin sensitivity, one based on fasting insulin and glucose data (HOMA) and the other based on both fasting and 2-hour insulin and glucose data (SiM), as described previously (13) . To reduce the likelihood of generating false positive associations through multiple testing, single variables characterizing obesity were analyzed only if initial tests with the general and central obesity scores yielded a positive association for at least one of these combined variables. This strategy was also used for the two indices of insulin sensitivity. HardyWeinberg equilibrium was tested by a 2 test with 1-df in one twin of each pair chosen at random to prevent inflated significance. For all of the phenotypes, age and menopausal status were included as covariates in the models. Phenotypes significantly (p Ͻ 0.05) deviating from normal were log transformed to obtain normal distributions before analysis. p Յ 0.05 was considered to be statistically significant.
